Thermodynamic aspects of Supramolecular Chemistry are presented. These include solubility properties of calix n)arenes and their ester derivatives in various (reaction media on the binding properties of calixarene esters toward alkali metal cations; ii) cyc odextrins on the transfer of drugs from water to chloroform.
INTRODUCTION
1 in his Nobel lecture in 1987 stated that "Supramolecular Chemistry is the chemistry o r' the intermolecular bond, covering the structures and functions of entities formed by the association of two or more chemical species". A direct implication of this statement is that if the intermolecular interactions taking place in solution processes are to be understood, the thermodynamic characterisation of these systems must be considered.
The developments in the area of Supramolecular Chemistry since the late sixties are mainly on the synthetic and structural aspects of macrocyclic chemistry. The contributions made on the thermodynamics of these systems are included in a series of review articles published by , in which stability constants (log Ks); enthalpies AcHo and A,Sa of complexation of macrocyclic ligands with metal and organic cations in a wide variety of solvents are listed. The latest one (ref. 4), published in 1991, covers the literature until 1990. It must be said that a good reproduction of thermodynamic data is still far away, often due to the unsuitability of the methods used or by oversimplifications made in the derivation of such data. There is now the need for a critical evaluation of existing data in order to produce a set of recommended data. The basis to proceed with such an evaluation has been provided by the pioneering work of Izatt et al. Even though some progress has been made on the thermodynamics of binding processes involving macrocyclic ligands and cations, a lot remains to be done. It seems appropriate to mention that, in spite of the biological interest attached to these ligands, most of the thermodynamic data are referred to the standard temperature (298.15K . In addition, there are two i) The solution thermodynamics of macrocyclic ligands and their metal ion c,omplexes. It must be recognised that the synthetic developments in this area have resulted in a large variety of non-electrolytes (neutral macrocyclic ligands) which upon complexation with organic and metal ion salts results in a wide variety of new electrolytes. Despite that the solution thermodynamics of these novel chemical entities can enlighten our present knowledge on electrolyte and non-electrolyte solutions, very few efforts have been directed to characterise these systems.
ii)
In spite of the useful information that can be obtained from the availability of these data, particularly for processes in aaueous solutions, ref,5) the this particular aspect of thermodynamics has been previously noted by Izatt et al (ref.$) . important aspects of thermodynamics which have been hard 1' y considered. These are:
Heat capacity measurements. amount of research' done in this area is indeed very limited. The lack of contri i utions on
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Our interest is currently focused on binding processes involving macrocyclic ligands with neutral and ionic species in solution, as well as on the solution thermodynamics (ASGO, ASH" and ASSo) of the individual entities taking part in these processes. Solvation plays an essential role in the binding of these systems and therefore, the differences in solvation of a solute host, guest and host-guest complex) in two solvents as reflected in the transfer some of the main features characterising host-guest interactions (refs.6-11) in solution.
The research interests at Surrey include a) The use of azamacrocyclic ligands for the selective extraction of copper from aqueous solutions. The introduction of lipophilic groups in the basic structure of dioxocyclam 1 (ref.12) was done to reverse its solubility in such a way as to make these substituted ligands 2 highly soluble in organic solvents (particularly those for which direct partitioning with water could be achieved and slightly soluble in water so their use in solvent extraction polymeric materials. To facilitate polymerisation without affecting the binding properties of these ligands, suitable groups are introduced in their structure 3 so these co per selective compounds can be incorporated as anchor groups in these new materials (ref. . Although it has been calix(n)arenes are low solubility in most solvents, very few quantitative data have been reported on the solubilit of these compounds. solubility data for p t e r t butyl calix(n)arenes (n = 4,8fin various solvents at 298.15K. 
From these data, the solution free energy, AsG" of these compounds in the various solvents at the same temperature are calculated. In most cases, low solubilities are observed, mainly attributed to the intensive intramolecular hydrogen bonding. Thus, for calix(4)arenes, X-ray diffraction studies (ref. 41) have shown that, in the solid state, this compound is found in its cone conformation 8, where hydrogen bondin takes place between the phenolic of phenol units increases, a flater conformation was found and calix(8)arene adopts a pleated loop structure where the distances between the oxygen groups of the phenolic group become shorter. As shown in table 1, solubilities of calix(8)arenes in the various solvents are lower than corresponding data for calix(4 arene in the same solvents. As compared with data for the monomer p-tert butyl phenol (4.12 mol dm-3) in acetonitrile at 298.15K. A decrease in solubility by factors of 8.7 x 104 and 2.4 x 105 for the -8 tetramer and octamer respectively with respect to the monomer is observed in these solvents. Taking acetonitrile as the reference solvent, the transfer free energies, AtG' of these calixarenes to various solvents are calculated.
The data reflect that, as far as these compounds are concerned, calix(n)arenes are better solvated in most solvents considered than in acetonitrile. However, the best solvators are benzonitrile, N,Ndimethylformamide (particularly for calix (8)arene) and chloroform. Although no studies have been carried out on the interaction of p-tert butyl calix(n)arenes with these solvents, the crystal structures of a number of complexes of psubstituted calix(n)arenes with neutral molecules have been reported (ref.42) . It is likely that the larger solubilities observed in some of these solvents are due to their interactions with calix(n)arenes.
A more detailed thermodynamic study requires data on the contribution of the enthalpy and entropy to the transfer free energy of the process. However, the low solubility and in some cases, slow dissolution rates of these compounds in most of these solvents impeded us in carrying out calorimetric measurements of the heats of solution of calix(n)arenes. The recent advances in the design of a microcalorimetric system . 51) Some aspects of the research carried out in our laboratory on the thermodynamcs of ciixarene derivatives are now described. Whenever possible, these data will be compared with corresponding data for cryptands for which most of the enthalpy data for complexation and solution processes involving metal cations have been reported by us (refs. 6-9) .
Solubility of calix(4)arene esters
Like parent calix(4)arenes, the esters contain a hydrophobic cavity lying between the aromatic rings and able to interact with neutral molecules. In addition, these compounds in their cone conformation are characterised by a second hydrophilic cavity 6a and b, resulting from the encircling of oxygen atoms of the -O -C H d < O R groups and capable of formin metal ion complexes. ii) the nature of the solvent. From the two solvents considered, acetonitrile was found to be a better solvator for these ligands than methanol. However, a more detailed interpretation requires data for the enthalpic and entropic contribution to the free energy of these processes.
.
1
Enthalpies and entropies of solution
Representative data for the enthalpies and entropies of solution of calixarene esters in methanol and acetonitrile at 298.15K are given. Table 3 lists AtH' and AtS' values for ethyl p-tert butyl calix(4)arene tetraacetate in these solvents. shows that (except for lithium), the complexat ion process is enthalpicdy more favoured in acetonitrile than in benzonitrile. For the former solvent an exothermic maximum is observed for sodium; while for the latter solvent, the hi hest enthalpic stability is found P or lithium. We are now proceeding with conductance measurements in order to determine the stability constants (log K,) as well as the ion-pair formation constants of the free and complexed cation with the anion in these solvents. The results in terms of enthalpies are striking, particularly in benzonitrile. In fact, these data are atypical of the thermodynamic behaviour observed for complexation reactions involving cryptands and alkali-metal cations in dipolar aprotic media. We have previously demonstrated (refs. 5-11 ) that for cryptands, the solvation of the cation plays a major role in these processes.
Benzonitrile is a poorer solvator for the cations than acetonitrile, a statement based on the thermodynamic parameters of transfer of these ions among these solvents (refs.57-58) . Therefore, if cation solvation has a predominant role in binding processes involving calixarene esters in these solvents, a higher stability would be expected in benzonitrile than in acetonitrile. For cations such as sodium and potassium, the o posite trend is found. The results seem to reflect that the interaction of [nButCalix(Q)f with benzonitrile ma differ from that in
As illustrated in Fig.1 , this pattern is only observed for lithium.
acetonitrile. The observation that in the former solvent the ligan dy discriminates against rubidium and caesium (com lexation is not detected), while in acetonitrile only Cs' is not complexed by [nButCalix(l)f appears to indicate that the interaction with benzonitrile may cause a reduction in the size of the hydrophilic cavity to such an extent that this ligand in this reaction medium becomes more receptive for the smallest cation (Lit and unreceptive
In enzymatic processes, an "allosteric" ligand has been defined as a molecule which binds to a site on an enzyme, which is distinct from the active centre, causing a conformational change which alters the kinetic properties of the enzyme (ref.59) . On these bases, it is suggested that the terminology "allosteric guests" should be introduced in dixarene chemistry for molecules (for example, acetonitrile and benzonitrile) which are able to interact with the hydrophobic cavity of calixarene derivatives causing mnformational changes which modig the selective properties of the hydrophilic cavity toward ionic guests.
We are now investigating the binding properties of several calixarene derivatives in several allosteric media and these results will be reported shortly.
for the larger ones (Rb* and Cs'). This is now being corroborated by 1% k MR studies. 
The drugs selected for our studies were N1 substituted sulfonamides 9. Data for processes
(1) (2) and (3) were derived from solubility measurements of the appropriate compounds in water and in chloroform. In water, corrections were made for the dissociation of sulfonamides in this solvent. For processes (4) and ( 5 ) , complexation data were obtained by titration microcalorimetry. The key parameters to assess the effect of cyclodextrin on the transfer of drugs are those represented by eqns (3) and (5). which is the reverse process to that shown by eqn (4)
ii) The transfer of the drug from water to chloroform (eqn 1).
R1= RGOCH,
Sulfadimat hoxlnr
controlled by two steps.
1 Therefore Kex = _. x Kt, where K, and Kt are the equilibrium thermodynamic constants K , for processes (4) and (1); respectively.
Some representative values for Kt and Kex are shown in table 4.
The results shown in this table unambiguously demonstrate that Kt > Kex and therefore, from the thermodynamic viewpoint, the drug is more favourably transferred in the absence of cyclodextrin than in its presence. This is now being studied at other temperatures. The kinetics of the process must be also considered but we have not yet reached that step.
MACROCYCLIC LIGANDS FOR THE DESIGN OF N E W MATERIALS
Our final goal is the use of "Macrocyclic Ligands for the Design of New Materials" for environmental, extraction and recognition purposes. At present we are carrying out the fundamental research which is required to explore later on the possibility of introducing environmentally friendly polymeric materials containing macrocyclic ligands as anchor groups as: a) an alternative to current methodology used for metal extraction which requires the use of large quantities of non-aqueous solvents; b) extracting agents for the removal and control of polluting ions and molecules from the environment.
The First International Symposium on "Macrocyclic Ligands for the Design of New Materials" will take place at the University of Surrey on 14-16 Se tember 1992 and it is being organised by the European-Latin American Research Group PELARG) in this area. Some of the results so far obtained by our group are to be presented at this Symposium.
Thermodynamics of supramolecular systems
FINAL REMARKS
As mentioned earlier, the fascinating developments in the field of Supramolecular Chemistry have generated a very wide variety of electrolytes and non-electrolytes which await thermodynamic characterisation. This task should be undertaken by experts in the field. The subject is too appealing and cannot be dismissed. These new chemical entities, are, in essence, the outcome of the chemical evolution which was initiated in the late sixties and has grown extensively ever since. There are no doubts that the field of macrocyclic chemistry has contributed significantly to the solubility phenomena. There is a lot to be done on the physicochemical properties of these novel compounds. These data are needed. b;
